Introduction
Stokes vectors polarimeters have been used for many different applications, including assessment of surface roughness and subsurface structure, 1 remote sensing, 2 diagnosis of malignancy, 3 and characterization of cell and nuclei size and index of refraction, 4, 5 to name a few applications. Fiber-based systems are usually limited to the collection of the first three terms of the Stokes vector, or the co-and cross-polarized components of the backscattered field. 5, 6 This is due, in part, to space constraints but one important limiting factor in multispectral polarimeters is the wavelength dependence of some of its elements. In fact, most common wave-plates have wavelength-dependent retardation ability. To overcome this issue, calibration schemes have been used where the changes in retardation are accounted by using a calibration matrix. When using liquid crystal retarders (LCRs) this step corresponds to a matrix of voltage setting per wavelength to achieve identical retardation. 7 In this paper, we present a new spectral polarimeter and a simple calibration mechanism that eliminates the spectral dependency of its elements. Our polarimeter is fiber-based and was used to calculate the Stokes vector of light transmitted through biological samples. The calibration in this paper makes no assumption about the orientation and retardation of its elements, and is based on an achromatic wave-plate and a rotating polarizer. Following a calibration step, only six measurements are necessary to produce a Stokes vector at all wavelengths.
Material and Methods
The spectroscopic Stokes polarimeter requires two main assemblies, a calibration assembly that is used once and a permanent measuring assembly used to construct the spectroscopic sensitive Stokes vectors. Components common to both setups are two liquid crystal retarders (LCR1 and LCR2) (Meadowlark Optics, Frederick, Colorado), a dichroic polarizer (P) whose orientation is parallel to the optical table ( Fig. 1 ), a white light source, and a fiber-based spectrophotometer. Both LCRs are positioned at fixed angles (0 and 45 deg) with respect to P. The light source is a white light emitting diode (LED) (Advanced Illumination, Rochester, Vermont). Light from the LED is collimated using a plano-concave lens (F = 10 mm, Newport, Irvine, California) and an iris (Newport, Irvine, California), and the beam size is 2 mm in diameter. Light passing through the LCRs and the polarizer is collected by a fiber-based spectrophotometer (Ocean Optics, Dunedin, Florida) through a 600-μm multimode fiber connected to a fiber collimator. The LCRs and the spectrophotometer are controlled via serial communication with custommade software (MATLAB, Mathworks, Natick, Massachusetts) running on a desktop computer (Dell, Austin, Texas); for each position of the LCRs, one spectrum is acquired.
The calibration of the system is achieved with a method developed originally by Boulbry et al. 8 Their system captured Stokes vector images at three different wavelengths but each wavelength measurement required a different set of voltages controlling the LCRs. Here we extend their methodology to more than 200 wavelengths and a unique set of measuring conditions; this allows for a simpler calibration and faster measurement. The calibration step requires the addition of two more elements in the assembly ( Fig. 1, dashed polarizer (Melles Griot, Albuquerque, New Mexico) mounted on a motorized rotational stage (Thorlabs, Newton, New Jersey), and an achromatic wave-plate (Edmund Optics, Barrington, New Jersey).
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The rotating polarizer is controlled through a desktop computer using MATLAB (Mathworks, Natick, Massachusetts), and is rotated in steps of 10 • between a starting position at 0 • and a final position at 180 • to the collector polarizer. For each polarizer position, six full spectra are acquired by changing the retardation (δ 1 and δ 2 ) of the LCRs. This is accomplished by delivering six different voltage pairs to the LCRs. The voltage pairs are based on studies on the condition number of the reduction matrix W by Boulbry et al. 8 as well as their relation to the available wave-lengths. We want to point out that a fixed set of voltages was used for all the wavelengths of interest, unlike what was previously proposed, with voltages that produced a fixed retardation at each wavelength. The six voltage pairs in this study were (V 1 ,V 2 ) = (5,5),(5,2),(3.8,2.8),(3.8,3.8),(5,3.8),(5,2.8), lower voltages are generally associated with higher retardation. In this way, a total of 19 × 6 spectra I i are acquired for position 1 and position 2. A smaller interval polarizer orientation could be used to generate the calibration matrix and increase accuracy; nevertheless we found that 2 × 19 × 6 measurements yielded less than a 5% error.
Finally, 38 ideal calibration Stokes vectors are generated using an ideal set of polarizing elements using Eq. (1)
The first equation, an unpolarized beam of light, is transmitted through an ideal polarizer with Mueller matrix M pol at different orientations θ , and a wave-plate with fast axis parallel to the plane defined by the optical bench, with Mueller matix M wavep . The second equation represents a similar layout where the positions of the polarizer and the wave-plate have been reversed.
The Stokes vectors generated using the above equations are related to the measured values I i through the data reduction matrix W for which
The data reduction matrix can be calculated as W (λ) = S(λ) I i (λ) −1 using the pseudo-inverse of I i . Each W(λ) is a 4 × 6 matrix. Random errors in the measurement can produce a number of nonzero singular values in the matrix I causing large errors in its pseudo-inverse. A truncated singular value decomposition of I is used to avoid this issue. Boulbry has shown that retaining only four singular values has only a minor impact on the resulting Stokes vectors. Finally, once W(λ) is known, it can be used to calculate the Stokes vector spectrum for any measurement condition, regardless of sample or incident state of polarization. Ideal samples for this type of system are semi-transparent samples (low μ a and low μ s ). Nevertheless, neither property compromises the system's ability to measure the transmitted Stokes vector as long as some transmitted light reaches the detector and is above the level of noise. 9
Results
The ability of the system to produce correct Stokes vectors at each wavelength was tested by measuring light transmitted through known polarizing elements such as wave-plates and polarizers. Typical results are shown in Fig. 2 . A linearly polarized incident state was generated by rotating a polarizer 90 • with respect to the system reference plane (theoretical Stokes vector [1 -1 0 0]). An experimentally calculated Stokes vector for λ = 600 nm is shown below. 
In a second test, an incident circular polarized state was generated by combining a polarizer and a quarter-wave-plate (theoretical Stokes vector [1 0 0 1]). Experimental Stokes vectors obtained between 550 and 750 nm match theory and an experimental error of less than 5% at each wavelength is achieved as shown in the residuals graphs.
The system can also be used as a Mueller matrix polarimeter by changing the status of the incident polarization in four distinct ways as described by Rakovicet et al. 10 The average Mueller matrix of air between 550 and 750 nm was calculated and results are shown in the matrix below. 
As expected, the Mueller matrix of air has values equal to 1 in the main diagonal and 0 otherwise. The errors associated with this measurement are reported in the matrix on the right as the standard deviation of the mean. Once again, the test shows that the system is capable of accurate reconstruction of polarimetric properties with errors below 5%.
Several authors, including this paper's, have shown that muscle tissue has polarizing properties. [11] [12] [13] [14] However, to our knowl-edge, this has been demonstrated only at selected wavelengths. Figure 3 shows a map of the degree of polarization of light transmitted through a slab of chicken muscle at more than 200 wavelengths and 18 different orientations of the muscle bundles. In this experiment, freshly excised chicken breast tissue was placed on a rotational stage with the muscle bundles aligned parallel to the layout reference plane. Sample thickness was ∼0.05 cm and light incident on the sample was po- larized parallel to the reference plane. The sample was rotated in intervals of 10 • . For each muscle position, a fullspectrum Stokes vector was obtained with our polarimeter and the degree of linear and degree of circular polarization was calculated.
Chicken muscle tissue behaves similarly to a quarter-wave retarder, as shown in the insert of Fig. 3 , changing the status of the impinging polarized beam in a predictable manner. The insert graph was generated using an ideal Mueller matrix of a quarter-wave-plate (M dep ) at different orientation angles θ combined with a fixed polarizer oriented parallel to the main reference plane (M pol ). The order of the theoretical optical train was source/polarizer/retarder/detector. The oscillatory pattern, maxima, and minima of the theoretical model are captured in the experimental data. Some wavelength dependence is noticeable in the experimental images, with longer wavelengths behaving more closely to the ideal model than shorter ones. This behavior can be explained if we consider the effect of the tissue microstructures scattering on the degree of polarization. Depolarization due to scattering is a well-known phenomenon 15, 16 that can be represented with a Stokes diagonalizable Mueller matrix (M dep ).
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where n + 1 is the number of scattering events. As a first approximation, a predominant Rayleigh scattering was assumed for the chicken sample so that the behavior of light traveling through tissue could be simulated with the following optical train:
where S i is the incident light Stokes vector and S out is the resulting Stokes vector. Other authors have used a similar combination of small spherical scatterers (as an approximation of cellular organelles) and cylindrical silk fibers (simulating myofibrils constituting muscle fibers) to simulate polarized reflection from bulk muscle tissue. 17 Others have pointed out that depolarization in tissue is mainly affected by small scatterers. 18 Furthermore, scattering from cylinders is mostly in the direction perpendicular to the cylinder axis, 16 hence our approximation of a main depolarizing element as a Rayleigh aggregate is not unreasonable.
The wavelength dependence of scattering was captured using an expression of the form μ s = A λ − -4 , where λ is the wavelength of interest. 19 With this approximation, values of reduced scattering coefficient between 17 and 5 cm − 1 in the range 550 to 750 nm were achieved; this particular range of optical properties was chosen to obtain a scattering coefficient of 9.6 cm − 1 at 633 nm. Similar values at this wavelength have been reported by several authors. 19, 20 Finally, the number of scattering events occurring in the 0.05-cm thick chicken slab is calculated for all 200 wavelengths and is an input to the Rayleigh scattering matrix. Results of the simulation are shown in Fig. 4 .
The images in Fig. 4 capture the general behavior of the experiment conducted on chicken muscle. The reconstructed degree of linear polarization seems to agree more with its experimental counterpart than does the degree of circular polarization. In particular, experimental depolarization is greater than theoretical depolarization. This could be due to underestimating the reduced scattering coefficient μ s or it could be due to a nondiagonal depolarization. 21 Following the example of He et al., 17 the Mueller matrix for muscle was also simulated as an infinite cylinder with an index of refraction of 1.4 surrounded by an environment with index of refraction of 1.33. A program originally developed by Bohren and Timbrell was used in all simulations. 15, 22 The cylinder diameter was 1.5 μm and 35 cylinders were staked next to each other covering the slab length. A depolarizer was also added as described in Eq. (5) . The oscillatory pattern of Figs. 3 and 4 are visible on the resulting images in Fig. 5 , but resulted in a very small depolarization contrary to our experimental evidence. This may be attributable to inaccurate parameters for the density, size, and relative index of the cylindrical scatterers. The simulation is sensitive to relative index between the fibrils and their environment (which in our experiment is unknown). Finally, Mie theory assumes far-field interactions in the scattering field and this may be violated in the chicken muscle. Future work will focus on more realistic models of scattering from cylindrical structures in the near-field.
Conclusions
The Stokes vector polarimeter presented in this paper has a simple layout and requires only six measurements to achieve a full Stokes vector at 200 different wavelengths. Considering that the maximum time necessary to activate the liquid crystal retarders is on the order of 20 ms, a full spectrum Stokes vector could be captured in less than 200 ms, making this technique useful in the determination of spectro-polarimetric optical properties in tissue.
It is important to point out that the calibration procedure could be expanded to a larger range of wavelengths by using a broader spectrum light source and a Liquid Crystal Variable Retarder (LCVR) optimized for different regions of the spectrum (LCVRs tend to have fairly small working bandwidth) and multiple LCVR pairs may be necessary. Furthermore, the sys-tem could be modified to include imaging capability ultimately yielding a hyperspectral imaging Stokes vector system. This could be accomplished using either a liquid crystal tunable filter or filter wheel at the source and replacing the spectrophotometer with a camera. Such a system could be helpful in determining spatial changes in the polarimetric properties of tissue under different conditions.
